Te root cap is the site of graviy percepton. In the study of caps of primary roots of corn (Zea mays L), we compared the utrastructure of geotropicaly r n g roots that had received a 661 -(red) imriation (60 second) with dark control roots kept In the dark, at com rable times folowing geostubt for a total of 150 mIntes. lTe outaidifferences In the liht-exposed root caps at the ultrastructurd level were (a) siiflcandtly more Gol ratus (dictyosomes) were found in the top thas In the bottom of red-exposed cells; a random distribution IS seen In the dark control cells; (b) the nuleus preferred the top in a greater number of the red-exposed cells; (c) the pattern of mitochondria locaizati was identical In both treatments, a greater preference for the top, however, the nmber of mitochonra was reduced In the bottm of red-treated cap ces as ma ed to the control cells. A lowering In number In the bottom of the red-treated cells was noted also in the dictyosomes; and (d) in a small percentage of cells that sbowed a preferential distribution of eos reticulm (ER), more red-exposed cells than controls, durig the period 30 to 135 nutes after sdtulaton, had less ER In the top; bowever, a majority of the cels in both treatments sbowed no preferred position for ER ditribution. Comon is in ultrastructural behavior also existed between the red-and dark-treated root cap cells: (a) sedentation of a ts, ith no erence In total number between treatMents; and (b) a clse associatin between amyloplasts and ER In both groups.
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Polarization of organelles occurred in both the geotropically re ig and nonrponding roots. Te dffeences in dictyosome and nuclear localzation, and dictyosome and mtochodrial number could be correated with the topi response in the red-exposed roots and no respone in the dark roots, which in turn could be reated to tie reported hormoal events in the geotropism of roots.
In the study of geotropism, investigators have looked for organelles in plant cells that are responsible for the perception ofgravity.
The amyloplasts have been the long held candidates for the sensor, or statolith (14) . However, there is no evidence to suggest a causal relationship between the movement of amyloplasts and the perception of gravity in the geotropic response of plants. In the geotropic study of oat shoots, we found that the Golgi apparatus (dictyosomes) responded rapidly in orientation and activity after gravity stimulation (25) . A 
change in mitochondrial distribution
By acceptance of this article, the publisher or recipient acknowledges the U.S. Government's right to retain a nonexclusive, royalty-free license in and to any copyright covering the article.
'Work supported by the U.S. National Aeronautics and Space Administration and the U.S. Energy Research and Development Administration. also preceded the onset of the geotropic curvature response (26) . One interesting phenomenon is that primary roots of com do not elicit curvature after gravity stimulation unless they are exposed to light; red light (660 nm) was the most effective wavelength (19) . The light requirement for geotropism provides a handle for a geostimulated dark control to be examined side by side with lightexposed geostimulated roots during the course of the experiment. Since the cap is the site of gravity perception in corn roots (4, 16) , and its presence is essential for the geotropic response to take place, we can pinpoint the areas for examination. We shall attempt to quantify and to correlate organelle distribution in central cap cells (statocytes) of corn roots during a 2.5-hr period of geotropic stimulation.
MATERIALS AND METHODS
Plantng and Irradiation. Corn seeds (Zea mays L., Wisconsin hybrid 64A x 22R) were soaked in warm tap water (initially 50 C) for 8 hr, decanted, refrigerated (4-6 C) overnight, and planted with the embryo toward the edges of Lucite bars (2.5 x 23 x 5 cm) covered with wet filter papers. The bars were placed in enamel pans filled with water (2.5 cm deep) and covered with a sheet of glass and black cloth. Forty-eight hr after planting, primary roots extended 1.5 to 3 cm from the embryo horizontally off the edge of the bar. The horizontal patterns of growth subjected the roots to a constant gravitational stimulation during the entire period of growth and experimentation. Care was taken so that the roots did not come in contact with any object during the course of growth and experimentation. All of the above manipulations were done in complete darkness, except for the planting of seeds, which was carried out under a low level of green illumination, transmission ranges between 540 and 580 nm (22) . In the dark condition, the corn roots remain horizontal and show no response to gravity. To initiate a geotropic response, a flash of red light was given to the roots.
The 48-hr roots were used for red light exposure. For irradiation, two bars of roots were taken from the growth pan (in darkness). One bar was irradiated from above with a red light (using a 661 nm Baird Atomic interference filter, half-bandwidth ± 23 nm for 60 sec) at 1 J m-2. See reference 19 for details on red irradiation.
The second bar which serves as a comparable dark control was also placed in the irradiation box, but without being exposed to light. A total of 22 bars were thus treated. The treated roots were returned to their growth pans and remained in the position they grew, in the dark, during the rest ofthe experiment. The irradiated roots become positively geotropic regardless of the direction of radiation (12, 19) .
Harvesting and EM.2 Beginning immediately after the termination of irradiation and at 15-min intervals, up to 150 min, the roots were harvested for EM examination. Under the green light, thick roots were selected from the bars, and segments of the roots were cut quickly in cold fixative. One-mm tips were fixed in cold 3% glutaraldehyde, 1.5% acrolein, 0.01% CaCl2 in 0.1 M Nacacodylate buffer (pH 6.8). (The tips were cut at an angle to identify the upper and lower side of the root with respect to gravity.) Initial fixation was done on ice and in the dark for at least 45 min, and was followed by an additional 2-hr fixation at room temperature in the light. The tissues were then rinsed several times in 0.1 M Na-cacodylate buffer, and either stored in a refrigerator (2 C) overnight or continued processing. These fixed tissues were subsequently fixed in 2% OS04 in 0.1 M Na-cacodylate buffer (pH 6.8) for I to 14 hr at 2 C in the dark. The tissues were then rinsed in buffer and dehydrated in a cold, graded acetone series followed by a 100% acetone dehydration at room temperature. Dehydrated tissues were embedded in Spurr's low viscosity embedding mixture (28) , and using a rotor during the infiltration and embedding of tissues, at 35 C.
The embedded tissue blocks were trimmed to a trapezoid whose parallel sides were perpendicular to the direction of gravity in which the roots were stimulated, the shorter parallel edge being the side of the upper half of the root segment with respect to gravity. Cross-sections, about 0.12 ,um thick, were mounted on single-hole (1-mm diameter) grids with a carbon-coated Formvar (plastic) film. After staining in 2% aqueous uranyl acetate and lead citrate, grids were oriented in an RCA 3G electron microscope such that the gravity vector, which the tissue has previously experienced, was properly located on the viewing screen.
Organelles, and organelle association in the top and bottom of root cap columella (central cap cells), were counted and examined directly on the microscope's viewing screen. A total of 30 cell sections from one to two roots at each harvest time, or a total of 660 cell sections, were examined. We did not use serial sections for the examination of entire cells; however, we feel the large number of cell sections, the duplicated root samples, and the 11 different harvest times employed in this study are more than adequate samplings of the trend of organelle distribution within cells. We use "top" and "bottom" to indicate organelle positions within a cell, and "upper" and "lower" to differentiate tissue positions within a root, all with respect to gravity.
Thicker sections (2 ,m), adjacent to the sections used for EM study, were mounted on glass slides and stained with toluidine blue, and further stained with malachite green and basic fuchsin. These glass-mounted sections were used for examination under a light microscope for locating the cap columella as a guide for the EM tabulation, and also for routine check on the quality of the preparation.
Statistics. All tabulations were analyzed by two-way analyses of variance (5) . The probability values (P) given in the tables are for analyses between treatments throughout the 11 stimulation periods. Golgi apparatus (dictyosomes) and nucleus were the two organelles that showed a difference in distribution between the redexposed (georesponding) and the dark control (nonresponding) roots (Tables I and II ). In the geotropically curving roots, significantly more dictyosomes were found in the top of the cells (P < 0.01), whereas no trend of dictyosome distribution was seen in the dark control roots (P > 0.2). The curving roots had a greater percentage of the nuclei located in the top of the cells (Table II) , although, on the whole, the nucleus had a preference for the top in both the control and the red-exposed roots. When top-to-top and bottom-to-bottom comparisons were made between the cap cells of the red and dark treatments, the red-treated cap had significantly fewer dictyosomes in the bottom of the cells (Table  I, the red treatment (Table I) . A reduction in dictyosome number in A the bottom of the red treated cells could indicate an increased activity of this organelle (increased vesicle production) in that part of the cell (17 and personal communication) .
Mitochondria showed no difference in distribution in the cap 4 cells between the red-exposed and dark roots. In both treatments there were more mitochondria in the top than the bottom of the cells (Table III , P < 0.05), and the total numbers within the cells . A were not different between the two treatments (P< 0.1). However, the bottoms of the red-exposed cells had significantly fewer (P < 0.05) mitochondria than the dark control celis. Again, the lack of significant difference in total number could be a lack of synchrony between treatments in an oscillating phenomenon (21) . This particular trend was seen also in the dictyosome (Table I) , and, on the whole, the red-treated roots had fewer dictyosomes and mitochondna in the cell.
Amyloplasts remained in the bottom of the cap cells in both the geocurving (red) and noncurving (dark) roots (Fig. 1) . We found Rr no difference in number (P > 0.2) between the two treatments* (Table IV) . We did not attempt to quantify the amount of RER in the different parts of the cap cells; however, we recorded the (Table VI) . Although there was a trend of close association between the two organelles (amyloplasts no more than three cisternal thickness from RER, or actually deforming the RER), this association was found in both the curving and the noncurving roots.
DISCUSSION
In this study, we concentrated our investigation on the cap cells of corn roots. It has been shown that removal of the cap eliminated the geotropic perceptive capability of the roots (4, 15) . These cap cells are concerned with the sensor function, and presumably the organelle activities in the cells might reflect this function. The clear-cut role of the root cap in geotropism seems to be complicated by a recent study (1) where geotropism commenced in decapped roots without any sign of the formation of new cap cells. However, starch contents of the plastids in the quiescent cells increased 40-fold by 6 hr of decapitation. The presence of amyloplasts is a distinct characteristic of the cap cells. The starchcontaining quiescent cells are probably the forerunner of cap cells. Hence, one can interpret that a "pro-cap" is sufficient for a root to possess geotropic sensitivity. In other roots (cress, Lepidium sativum), the epidermal cells of the root cap also participate in the initial curvature response in geotropism (13) . The corn root cap does not have an epidermal layer and, also differing from the cress root, the epidermal layer of the corn root proper does not have its origin from the root cap. The corn root has a distinct separation between the cap and root proper (see 23 and 24, Fig. 1) , and all of the cells from the root proper arise from the root meristem, the tip region of the root proper, separating the root proper from the root cap. In this discussion we consider that the main function of the corn root cap in geotropism is the perception of the stimulus.
An overwhelming number of studies have supported the hypothesis that the amyloplasts are the statoliths in geotropism, that their movement upon gravity stimulation triggers the perceptive mechanism in the cell (14) . In the corn root, the amyloplasts are found only in the central cap cells. In the variety of corn used in this study and also in roots of Convolvulus arvensis, bindweed (29) in which the geotropic response of roots also requires light, the amyloplasts in the dark roots settled to the bottom but did not initiate a geotropic response in the roots. It is important to emphasize that the movement of the amyloplasts alone is insufficient to trigger the response, particularly when we find other organelles also can move rapidly after gravity stimulation (25, 26) .
In the corn roots, in which the geotropic response is initiated by a red light exposure, we have shown that several outstanding ultrastructural changes distinguish the responding roots from the nonresponding dark roots. First, the dictyosomes show a preferential distribution for the top in red-exposed cap cells, and those dictyosomes that remain in the bottom are fewer in number than those in the dark cap cells. These data indicate a difference in dictyosome localization and perhaps dictyosome activity between the two treatments. Although the dictyosomes are known for their role in the expansion growth of cells, in cap cells of corn roots, they might share a perceptive function.
How do dictyosomes move? Why do they go to the top in root cap cells, and settle to the bottom in shoots (25) ? A difference in protoplast viscosity between the two systems could result in this pattern of distribution. On the other hand, the successive exhaustion of cisternae at the secreting face of the dictyosome, and the successive formation of new cisternae at the forming face, could move a dictyosome from its original position (17) . If Endoplasmic reticulum distributes symmetrically and paralleling the cell walls of root cap cells of stationary corn roots (this study, 15) . In cress roots (Lepidium), ER locates preferentially on the lower (distal) wall of central root cap cells (27) . A displacement of ER occurs upon horizontal placement of roots of corn (15) and Vicia (10) , but not in cress roots (27) . However, in cress roots, an inversion of the roots, where amyloplasts move to a new bottom, causes the synthesis of new ER in the bottom (30) . In one variety of corn roots the movement of the ER seems to be connected with amyloplast sedimendation (15) . This movement of ER cannot be explained as a simple displacement, since under ultracentrifugation (20,000g) of roots of Pisum the RER were the last to stratify (2) . In the present study we This study shows the polarization of organelles in both the geotropically responding and nonresponding roots. The differences between the two treatments in ultrastructures (this study) and cellular changes (24) could initiate the curvature response in one case, and none in the other. The multievents, as seen in this study, occurring at the organelle level after red light and gravity stimulation could be responsible for the multievents such as on hormone production (ABA, 32), transport (IAA, 18), and distribution (IAA, ABA, GA, and cytokinin (6, 7, 31 ) that ensued. We did find that the hormone, IAA, has a regulatory effect on dictyosomes (9), mitochondria, and microbodies (21) in coleoptile tissues.
